As bioprocess intensification has increased over the last 30 years, yields from 28 mammalian cell processes have increased from 10's of milligrams to over 10's of grams per 29 liter. Most of these gains in productivity have been due to increasing cell numbers in the 30 bioreactors, and with those increases in cell numbers, strategies have been developed to 31 minimize metabolite waste accumulation, such as lactate and ammonia. Unfortunately, cell 32 growth cannot occur without some waste metabolite accumulation, as central metabolism is 33 required to produce the biopharmaceutical. Inevitably, metabolic waste accumulation leads to 34 decline and termination of the culture. While it is understood that the accumulation of these 35 unwanted compounds imparts a less than optimal culture environment, little is known about the 36 genotoxic properties and the influence of these compounds on global genome instability. In this 37 study, we examined the effects on Chinese hamster ovary (CHO) cells' genome sequences and 38 physiology due to exposure to elevated ammonia levels. We identified genome-wide de novo 39 mutations, in addition to variants in functional regions of certain genes involved in the mismatch 40 repair (MMR) pathway, such as DNA2, BRCA1 and RAD52, which led to loss-of-function and 41 eventual genome instability. Additionally, we characterized the presence of microsatellites 42 against the most recent Chinese Hamster genome assembly and discovered certain loci are not 43 replicated faithfully in the presence of elevated ammonia, which represents microsatellite 44 instability (MSI). Furthermore, we found 124 candidate loci that may be suitable biomarkers to 45 gauge genome stability in CHO cultures. 46 47
interferons, and vaccines [2, 3] .The most common mammalian cell line used is the CHO cell 53 line, due to its ability to produce biopharmaceutical molecules with post-translational 54 modifications required in humans [4] . However, it is well understood that recombinant CHO cell 55 lines are susceptible to genome instability that is often observable after approximately 70 56 generations [5] [6] [7] [8] . This genome instability reduces longevity in continuous culture; and 57 productivity can be limited in fed-batch systems [9, 10] . A common occurrence in both 58 continuous cultures and fed-batch systems is the accumulation of metabolic waste products, 59 such as ammonia and lactate [11, 12] . The effects of these waste products on genome 60 instability per se have not been directly assessed.
61
Microsatellite instability (MSI) is the observation of genetic hypermutability at 62 microsatellite loci, where a high frequency of insertion or deletion (indel) mutations accumulate 63 during cell division [13, 14] . Furthermore, the observation of MSI is evidence that the MMR 64 machinery is not functioning properly [15] . Rather than correcting errors that occur 65 spontaneously during DNA replication, cells with impaired MMR systems accumulate these 66 errors globally, which are then passed on to daughter cells during division to become amplified 67 as the culture persists. MSI loci are stable genetic biomarkers and have been utilized in the 68 diagnosis of many cancers [16, 17] . Previous studies have shown that approximately 15% of 69 patients with colorectal cancer [15, 18] , 20% of patients with stomach cancer [19] , and 30% of 70 patients with endometrial cancer [20] could attribute their disease to genome instability that is 71 diagnosed with microsatellite (MS) biomarkers. The clinical uptake of MSI-based diagnostics, 72 such as the Bethesda Panel, demonstrates the reliability and clinical utility of MSI loci as 73 biomarkers [21] .
74
In this study, the effect of exposure to elevated levels of ammonia on genome instability 75 during fed-batch cultures of CHO cells was investigated. Specifically, the accumulation of DNA 76 mutations in cells exposed to elevated ammonia were compared to cultures grown under 77 standard fed-batch conditions. Ammonia was added to duplicate parallel cultures at 10 mM and 78 30 mM final concentrations after 12 hours of culture time to establish a mild and high ammonia 79 stress. After 72 hours of exposure to the elevated ammonia, samples were taken for genome 80 sequencing and analysis of resulting SNP and indel variation. The SNPs and indels were 81 mapped to the Chinese hamster genome, and assessed for functional impact in coding genes 82 and presence in predicted microsatellite regions. The relevance of these findings advance our 83 understanding of the genomic factors that lead to culture decline and establish a foundation for 84 the development of DNA-based tools to imporove CHO cell biomanufacturing. of genome sequencing samples, the viability for all samples was greater than 90% (Fig 2A) .
180
The glucose and lactate profiles ( Fig 2D, E) indicate that the control and 10 mM ammonia-181 stressed cultures had very similar metabolic characteristics throughout the entire cultures; however, the product titer was lower for the 10 mM ammonia-stressed cultures ( Fig 2C) . In 183 contrast, the 30 mM ammonia-stressed cultures accumulated glucose and lactate after Day 5, 184 due to the feeding protocol and the lack of cell growth. All cultures received the feed Boost 7a, 185 which contains glucose, based on the culture volume and not the VCD. It is well-known that 186 excessive glucose causes lactate accumulation [12] . Amino acid profiles were also obtained for 187 these cultures. The most interesting amino acid profile was for alanine, where the 10 mM and 188 30 mM ammonia-stressed culture profiles were very similar through Day 6, while the control 189 culture has a significantly different profile ( Fig 2F) . Otherwise, the control and 10 mM ammonia- Table S15 ). Among them, 2,521 genes 229 had 1-to-1 protein-coding orthologs in Chinese hamster genome ( Supporting Table S15 ). Table S13 ).
241
For the 122 genes with high SNP effect, DAVID generated gene clusters and functional 242 annotation clusters mostly with relatively low enrichment scores, which suggests quite distinct 243 functions among those genes. Ammonia is a common metabolic waste product in cell culture, and the accumulation of 301 this waste leads to decreased productivity of the culture over time. In this study, mild (10 mM) 302 and high (30 mM) ammonia stresses were used to investigate the effects of this byproduct on 303 genome stability. The VCD, cell viability, and metabolic profiles indicated that the high ammonia 304 stress significantly impacted the culture health, as most of these profiles were significantly 305 different from the control and mild ammonia stress culture within 96 hours (4 days) of the 306 ammonia addition (Fig 2) . Additionally, the product titer for the high ammonia stressed culture 307 was severely lowered (Fig 2C) . In contrast, the culture profiles for the mild ammonia stressed 308 cultures were not significantly different from the control, except for the alanine profile beginning 309 at 84 hours (Day 3.5). However, the effects of the mild stress were eventually realized around 310 the 132 hour point (Day 5.5) where we observed reduced productivity. These culture profiles indicate that ammonia impacts CHO cells in a dose dependent manner, and even mild ammonia 312 stress has an influence on culture productivity. Until now, efforts have mainly focused on 313 transcriptome and proteome effects of ammonia stress [11, 43, 44] . [21] . Moreover, the fact that only five MSI loci are used for the diagnostic demonstrates how few microsatellite loci in the human genome exhibit 364 the ideal behavior of a diagnostic biomarker. In the analysis of the CHO genome under 365 ammonia stress, more than 400,000 predicted microsatellites and nearly 80,000 indels were 366 discovered. When intersecting these two datasets, only 1,022 microsatellites were observed to 367 have indels ( Supporting Table S3 ). To identify priority and rank the list of candidate MSI's for 368 possible use as a diagnostic tool for CHO cell instability, a ranking strategy was developed that 369 accounted for read depth and mutation frequency, as determined by division of the total number 370 of variant reads by total number of reads. This ranking strategy resulted in a list of 124 371 candidate loci (Table 3) with the potential to be reliable biomarkers of genome instability for 372 CHO cell cultures.
373
For this study, the genome was sequenced to a resolution of 15 reads per base pair. In 374 some regions, the allelic sequencing depth was much higher than others, which could impact 375 the mutation score method employed in this procedure. 
